Alfalfa Alkaline uptake pattern Legumes Rock phosphate mobilization Soil acidification Soybean Symbiotic N fixation SUMMARY Soybean and alfalfa were grown on sand and soil to which P was added in the form of finely ground rock phosphates. When the legumes depended on NO 3 as N source, more anionic than cationic nutrients were absorbed. This resulted in a pH increase in the growth medium and in very low availability of P added as rock phosphate. When, however, the legumes made use of symbiotically fixed N, more cationic than anionic nutrients were absorbed leading to an acidification of the growth medium and an ensuing mobilization and higher availability of the rock phosphates.
INTRODUCTION
The quantities of cationic and anionic nutrients absorbed by plants are commonly not equivalent. This fact has been known for a few decades, but only recently have its physiological and edaphological consequences begun to receive due attention. De Wit et al. 18 showed that inside plants any difference in equivalents of nutritive cations and anions is balanced by the presence ofcarboxylate anions which arise in the plant mainly as a consequence of nitrate reduction. Dijkshoorn et al. 3 observed that in many plant species carboxylates and organic N are not present in equivalent quantities, which led them to postulate that after having been formed in the plant as a result of nitrate reduction, a portion of the carboxylates might be broken down again in the roots, whereupon the resulting bicarbonate ions are released to balance a difference in charge between cationic and anionic nutrients absorbed.
It was further observed8' 5 that plants having equivalent quantities of carboxylates and organic N, like the Chenopodiaceae, absorb equivalent quantities of nutrient cations and anions and consequently exert no influence on the pH of nutrient solutions. In contrast, gramineous plants, usually containing more organic N than carboxylates on an equivalence basis, tend to raise the pH of nutrient solutions, provided that the nitrogen is applied as nitrate. The pH increase results from an uptake pattern in which more anionic than cationic nutrients are removed from the nutrient solution. Such a seemingly unbalanced type of uptake is made possible through the release of riCO 3 -ions from the plant root, whereby these ions arise from the breakdown of carboxylate ions which earlier were formed in the plant as a result of nitrate reduction.
Riley and Barber ~4 showed with soybean that the above-described situation of excess anion uptake and ensuing HCO 3-release can lead to a considerable increase in pH not only in nutrient solutions, but also in the rhizosphere of plants growing in a soil. In a later publication 15, the same authors made it clear that under condition of NH4 nutrition, soybean absorbs more cationic than anionic nutrients leading to a pH decrease in the rhizosphere soil. Such a pH decrease is to be expected when for maintenance of charge balance the plant either releases protons or absorbs hydroxyl and/or bicarbonate ions. It was further observed that under these circumstances of acidification of the rhizosphere soil, the phosphate availability increased.
So far mention was made of two groups of plants, namely one consisting of plants that absorb approximately equivalent quantities of cationic and anionic nutrients, and another containing plants that on an equivalence basis absorb more anions than cations, as long as NO3 is the main source of nitrogen. The question then becomes relevant whether a third group exists, namely of plants which, even when NO 3 -is the N-source, absorb more cations than anions. Such a group was shown to be present, but among the cultivated plants few appear to belong to it. One is buckwheat, which crop was shown ~3' 18 to exert an acidifying effect on the soil in which it grows, also when N is absorbed as NO 3. This group becomes larger, when also the legumes are considered to belong to it. Such a reasoning is acceptable when it is taken into account that legumes can serve as host plants for Rhizobium involved in the fixation of atmospheric nitrogen. As mentioned earlier, it was shown 14 that in the absence of biological N-fixation and in the presence of NO3, soybean can exert a pH-increasing effect on the soil in which it grows. Such an effect is brought about by an acidic uptake pattern in which the uptake of anions exceeds that of cations. However, when soybean receives only a limited amount of NO3-N as starter fertilizer and when the conditions for symbiotic nitrogen fixation are met, after exhaustion of the NO 3 supply the leguminous plant will show an alkaline uptake pattern (more cations, K + Ca + Mg + Na, than anions, HzPO 4 + SO 4 + C1, absorbed), which results in an acidification of the growth medium. Nyatsanga and Pierre 11 proved this to be the case for alfalfa and soybean.
The question then arises which practical consequences are attached to this acidifying effect exerted by a legume on the soil in which it grows. In an early publication, Fried v already stated that the phosphorus of rock phosphate was more available to buckwheat and legumes than to gramineous plants. More recently 1~ however, leguminous plants were shown to rank behind gramineous plants in their ability to utilize P supplied as superphosphate.
These findings suggest that a special ability_ of legumes to utilize phosphates manifests itself only under conditions in which the availability of phosphates is enhanced by acidification induced by the legumes.
In the last decade, many rock phosphate deposits have been discovered. In each of these cases, it must be investigated whether the material qualifies for usage as fertilizer, either beneficiated or in its original form. When the material is of an apatitic nature, application in finely ground form to neutral and alkaline soils might lead to disappointingly low recovery values when gramineous plants are grown ~ 2. However, on the basis of the above-formulated concept that legumes making use of biologically fixed N, will acidify the soil, it is to be expected that ground apatitic rock phosphate is a useful source of P for these legumes.
The ability to acidify the soil is associated with an alkaline uptake pattern which, in turn, for legumes depends on the availability of symbiotically fixed N. When a legume makes use of fixed N, the uptake of cationic nutrients exceeds that of anionic nutrients. However, before symbiotic nitrogen fixation can take place, photosynthates and nutrients must have been made available by the host plant for nodule formation and for the build-up of a population of Rhizobium bacteroids in these nodules. Hence, before legumes through acidification can mobilize apatitic rock phosphates, a certain quantity of P must have been available for the formation of a N-fixing apparatus. In practical terms this means that a small quantity of easily available P in the form of a starter fertilizer might be needed for a priming action in order to allow legumes to create conditions under which they can acidify their rhizosphere soil and thus mobilize sparsely soluble apatitic rock phosphates.
In an attempt to verify the assumptions advanced above, a series of greenhouse experiments was conducted. In the first experiment, it was investigated whether indeed soybean, making use of symbiotically fixed N, in a sand culture can acidify its growth medium to such an extent that an apatitic rock phosphate source becomes more available to these plants than to soybean plants grown in the absence of symbiotically fixed N, but amply supplied with NO3-N. In the second experiment, with the use of alfalfa it was examined whether a pH decrease can also be realized when instead of sand, a soil with a capacity to buffer pH changes, was used. In the third experiment, again with soybean, it was tested whether the use of a small quantity of superphosphate as a starter P-fertilizer, can initiate a chain of reactions eventually leading to an improvement in the availability of rock phosphates.
MATERIALS AND METHODS

Greenhouse experiments
Plants were grown under greenhouse conditions in pots containing 2.7 kg of sand or soil, according to a technique described by Schuffelen et al. 16 . The sand used was a fine quartz sand and the soil a sandy loam found in a quarry covered by a few meters of sand, with 18~ clay, 26% silt, very low in total P, N and organic matter. Its CEC value was 6 meq/100 g of soil, the P-sorption capacity 0.55 mg P/g soil, which can be rated as high. Before being used in the pot experiments, the soil was treated with lime to bring the pH(H 2 O) value at 6.3. During growth of the plants, the pots were weighed daily and water was added to bring the moisture level at 60% of the water-holding capacity of the soil and sand.
Soybean (Glycine max), variety Portage, and alfalfa (Medicago sativa), variety DuPuits, were grown as test crops. Prior to sowing, the seeds were surface-sterilized by rinsing them for 30 minutes in a 3~ H202 solution to which a drop of detergent had been added. Per pot, 3 soybean plants or 8 alfalfa plants were grown.
Two different forms of nitrogen nutrition were established, namely NO 3 nutrition and N 2 nutrition by means of symbiotic N 2-fixation. In both forms, the pots initially received a quantity of 5 meq NO 3-N per pot in the form of Ca(NO3) z. Thereafter, the pots of the NO3-N treatments received weekly applications of Ca(NO3) 2. The soybean plants of the N2 treatments were inoculated with a combined culture of the effective R.japonicum strains CC2053, KAI07 and SM and the alfalfa plants with R. meliloti strain K24.
The phosphate fertilizers were added in quantities equivalent to 350 nag P per pot. Two apatitic rock phosphates were used, viz. Morocco rock phosphate (MoRP-treatment) with 13.7% total P and 5.5% P soluble in 2% citric acid solution and Mali rock phosphate (MaRP treatments) with 13.3% total P and 3.4% P soluble in 2% citric acid. Easily available phosphate was provided in the second experiment as triple superphosphate (18.8% P) and in the third experiment as KH2PO 4.
All other essential nutrients were applied in adequate amounts. The experiments were conducted with all treatments present in triplicate.
Experxment 1 was carried out with soybean grown in sand. The experimental treatments were MoRP-NO3, MoRP-Nz, MaRP-NO3 and MaRP N2. Harvests were performed at 14, 21, 28, 35, 49, 64 and 83 days. During each harvest, for every treatment the total plant material of 3 pots was collected. The roots were removed from the sand and the nitrogenase activity was estimated by means of an acetylene-reduction assay 2. Next, the roots were thoroughly washed with tap water, submerged for 2 minutes in a 0.1 N HCI solution and rinsed with demineralized water. The combined plant material per pot was dried for 48 hours at 70~ weighed and ground. Plant subsamples were analyzed for Na, K, Ca, Mg, H2PO4, NO3, CI, SO,, and total N. Representative samples of the bulk sand were taken for pH(H20) measurements.
Experiment 2 was conducted with alfalfa as test crop growing in pots filled with the sandy loam subsoil described above. The treatments were zero P-N~, super-N2, MaRP-N2, MoRP N2, zero P-NO3, MaRP-NO 3 and MoRP-NO3. In total, 5 cuttings were collected. Each time, the plants were allowed to grow until in flower. The shoots were clipped and the plant material was dried (48 hours, 70~ and weighed. The final harvest, including the roots, took place 210 days after initiation of the experiment. Nitrogenase activity was measured in the roots and, subsequently, these were processed as described before. Subsamples were analyzed for Na, K, Ca, Mg, H~PO`*, C1, SO,, and total N.
In experiment 3, soybean was grown on both soil and sand. In one series of pots, rock phosphates were the'only forms of applied P, in another series, both rock phosphates and a soluble form of phosphate (KH2PO`*) were used, the latter in quantities equivalent to 40 mg P per pot filled with sand and 100 mg P per pot filled with soil. Thus, the experimental treatments were: MoRP-NO3, MoRP N2, MaRP NO3, MaRP N2, MoRP-H2PO,~-NO3, MoRP H2PO`*-N 2, MaRP-H2PO`* NO 3 and MaRF' H2PO~-N 2. In order to allow a distinction to be made between P absorbed by the plants from the rock phosphate and from the soluble phosphate, the KHzPO`* was labeled with 32p.
Harvests were performed 14, 28, 42 and 70 days after germination. In this experiment the roots were not collected. The above-ground material was analyzed for total N, total P and 32p. The two-week old seedlings in all treatments were analyzed for estimations of utilization of N and P in seeds and of NO3-N applied as starter fertilizer.
Analytical techniques
Subsamples of dried plant material were wet-ashed in H2SO`* and H20 2 in the presence of salicylic acid. In the digest, Na, K and Ca were determined flamephotometrically and H2PO 4 and total N by colorimetric methods. Other subsamples were extracted with water (0.5 g of plant material and 50 ml water, shaking time 2 hours). In the extract NO 3 (nitrate electrode), C1 (chlorocounter) and SO 4 (colorimeter) were determined. All methods were described in detail before Iv. In the samples of the third experiment, 3zp was determined in the digest with a liquid scintillation counter. Determinations ofpH in sand and soil were carried out in supernatant liquid ofa l : 2.5 sand/soil : demineralized water ratio.
Methods of calculation
The method for calculating acid and alkaline excretion by plants was described earlier 1' 6. The total number of equivalents of cationic nutrients absorbed by the plants (Ca) is calculated directly from the analytical values of the Na, K, Mg and Ca determinations as described above. For the NO3-fed plants, the number of equivalents of anionic nutrients absorbed (A~) is calculated from the values of total N, total S, H2PO 4 and C1. Total S is calculated from the sum of SO,~ S analytically determined and organic S estimated at 0.054 times the equivalents of organic N 4. For the plants making use of symbiotically fixed N, only the 5 meq of NO3-N added as starter fertilizer are entered into the calculation of anionic-nutrie0t uptake.
The contents of nutrients in the soybean seed were taken into account for a determination ofC a and A,. The quantities of nutrients in the alfalfa seeds were considered to be too small to warrant inclusion in the calculations.
RESULTS
Experiment 1
In this experiment a study was made of the availability to soybean of P in rock phosphates, as influenced by the mode of N-nutrition. In Fig. 1 , data are supplied on dry-matter yields of soybean grown on quartz sand, at different stages of the growth period. It can be seen that after an initial lag period, the plants utilizing symbiotically fixed N, were able to maintain a fairly steady growth rate over a period of approximately 80 days, with yields obtained with Morocco-rock P g/pot According to the theory advanced in the Introduction section, a continuous NO 3 nutrition of the soybean plants should result in an acidic uptake pattern, inducing a pH increase in the growth medium. Conversely, a dependence on symbiotically fixed N is expected to lead to an alkaline uptake pattern inducing a decrease in pH. Measurements of the pH values in the sand after the various harvests confirmed this expectation as is shown in Fig. 2 , It can be observed that during the first 25 days in which symbiotic N-fixation was still absent, the pH in the pots with plants eventually depending on fixed N, but initially making use of the starter NO3 application, rose slightly. A week later, the pH decrease had set in, and it continued until the end of the experiment.
The fewer harvests of NO3-fed plants caused some uncertainty regarding the course of the pH during the initial 5 weeks of the experiment, but the measurements made after 5 and 7 weeks showed a considerable increase in the pH values of the sand. After the 7th week, no further pH-increase was registered, which is in line with the observation (Fig. 1 ) that after 7 weeks these plants stopped growing.
The low solubility of apatites in an alkaline medium gives rise to the assumption that the poor growth of the NO 3-fed soybean plants was caused mainly by an insufficient P-supply, and that the better growth of the plants depending on fixed N, is to be ascribed to an increased P-availability brought about by soil acidification. The data of Table 1 appear to confirm these assumptions. It can be noticed that the availability of the phosphate in the two apatitic sources is strongly dependent on the manner in which the soybean plants acquire their nitrogen. The plant material was analyzed for the contents of the main cationic and anionic nutrients absorbed. The individual data (not presented here) were used for calculations of the levels of alkaline uptake for the plants utilizing fixed N, and of acidic uptake for the NO3-fed plants. Since an alkaline uptake pattern generated an acid production in the growth medium, and an acidic uptake pattern generates an alkali production, the numerical consequences of these uptake patterns were presented in the table under the headings acidity and alkalinity generated. The values for acidity generated are not much lower than the value of 0.8 meq/g reported for alfalfa grown in soiltt and of 1.08 meq/g reported for 65-day old soybean plants grown in a N-free medium 9. Experiment 1 was conducted with the use of a growth medium having practically no buffering capacity. The results obtained prompted a next experiment in which soybean was grown on a soil having a medium capacity to buffer pH changes and a high P-fixation capacity. The growth of the plants in this experiment was poor and the analyses indicated that the pH of the soil was little affected by the plants and that the uptake of P by plants utilizing fixed N was not much larger than that by NO a-fed plants. Obviously, the initial lack of available P had blocked the formation of a host plant-rhizobium symbiosis, thus eliminating the possibility of a pH-decrease and a mobilization of rock phosphate P.
Experiment 2
More interesting results were obtained when alfalfa was used as a test plant on the same soil. In comparison with soybean, alfalfa has the advantages of possessing a denser root system and of being a perennial crop that can exert its influences on the soil over a much longer period. The values on production of dry matter over a 210-day period in which the plants were cut four times prior to a final harvest, are presented in Fig. 3 . For an evaluation of these results, the analytical data shown in Table 2 should also be taken into consideration. The dry-matter productions obtained with superphosphate show that under conditions of high phosphate availability symbiotically fixed N could support a growth rate which was practically similar to that obtained with an adequate supply of NO3-N. The organic-N values for plants utilizing fixing N, however, were lower than those for the NO3-fed plants. A comparable picture arises from the data concerning the Morocco rock phosphate. There, the availability of the phosphate was lower, but not so low that the growth of the NO3-fed plants was seriously hampered by P-deficiency, in spite of the rise in soil pH caused by the acidic uptake pattern of these plants. The Nfixing capacity of the Rhizobium bacteroids, however, appeared to be hampered by the relatively low availability of the P in this rock phosphate, as evidenced by the lower values for organic N in the plants using fixed N.
For the plants utilizing P from the Mali rock phosphate source, the picture is different. Here, the rise in soil pH induced by the acidic uptake pattern of the NO3-fed plants lowered the solubility of the rock phosphate-P to such an extent that plant growth was hampered primarily by P-deficiency. The plants using fixed N were able to lower the soil pH enough to mobilize a portion of the Mali rock phosphate so that the growth of these plants and their yields of P were definitely better than those of the NO3-fed plants.
It can be further observed from the data of Table 2 that the acidity generated by alfalfa plants making use of fixed N was responsible for a pH decline in the soil of somewhat more than 1 pH unit, whereas a pH increase of approximately 1 pH unit resulted from the alkalinity generated by the NO3-fed plants. These findings clearly indicate that imbalances in the uptake of cationic and anionic nutrients by plants can cause considerable pH changes not only in unbuffered media like nutrient solutions and sand, but also in soils.
Experiment 3
In one-half of this experiment, only rock phosphate was applied to sand or soil, whereas in the other half, application of rock phosphate was combined with that of a 32p-labeled quantity of easily soluble P in the form of KH2PO 4, To avoid complications of isotopic exchange, the two sources of phosphate were kept apart as much as possible. To achieve this, the rock phosphates were mixed with 2-kg quantities of moist sand or soil which were placed in the pots first. This material was covered with a 200-g layer of moist sand or soil to which no P was added. Above this layer, a perforated plastic tube with a 3-cm diameter, used for daily addition of water to the pots, was placed in the remaining quantity of 500 g of dry sand or soil added to complete the fiUing of the pots. At the start of the experiment, the labeled quantity of KH2PO4, dissolved in water, was added by pouring the solution into the plastic tube. The KH2PO 4 was expected to be retained mainly by the dry sand or soil surrounding the plastic tube. The first roots of the germinating soybean plants were regarded to mainly utilize this labeled P source which is likely to enable them to build up a N-fixation apparatus needed to achieve acidification of the growth medium and mobilization of the rock phosphate.
Plants were harvested 14, 28, 42, and 70 days after sowing. The above-ground plant material was analyzed for total N, total P and P absorbed from the labeled source. The most pertinent information on the effect of the presence of a starter P fertilizer is presented in Table 3 . Here, mention is made of fresh weight produced and of quantities of nutrients accumulated in a period of 56 days. These quantities are arrived at by subtracting the values obtained with 14-day old plants from those obtained with 70-day old plants. It was verified that during the first 2 weeks of growth, the plants developed mainly on nutrients present in the seed and on the 5 meq NO3-N applied. Hence, data supplied in Table 3 pertain to quantities of nutrients absorbed from the growth medium or quantities of N 2 fixed and to quantities of fresh material produced by utilizing these nutrients. The results obtained with the plants that had not received any starter P fertilizer confirmed the information supplied by Experiment 1: on sand, the plants utilizing fixed N grew better than the NO3-fed plants on account of more rock-phosphate P being mobilized as a result of acidification of the growth medium; on soil, the beneficial influence of N-fixation on rock phosphate-P mobilization was noticeable only for the Morocco rock phosphate.
The data on P absorbed by the soybean plants from the starter KHzPO~ fertilizer show that high percentages of the 40-mg P quantities, added to the sand, were indeed utilized by the plants. However, from the soil to which 100-rag P quantities had been added as KHzPO 4, the plants absorbed much lower percentages of added starter P, which again displays the high P-fixation capacity of the soil used.
The main objective of this experiment was to test whether the presence of a starter P fertilizer would set into motion a chain of reactions eventually leading to a better utilization of P, added as rock phosphate, by soybean plants depending for their N on symbiotic N fixation. The data ofTable 3 show that plants growing on sand and depending on fixed N used more P from the Mali and Morocco rock phosphate in the presence than in the absence of starter KH2PO 4 (30.4 mg P vs 24.3 mg P and 43.9 mg P vs 30.9 mg P, respectively). Examinations of comparable data for NO3-fed plants reveals that also for these plants addition of starter KHzPO 4 improved the utilization of rock phosphate-P. In this case, however, the much better growth of the plants receiving starter KHzPO 4 is likely to have improved contact between roots and rock phosphate to the extent that the phosphate source became more accessible.
When the plants were grown on soil, no improvement in the utilization of rock phosphate-P was obtained from adding starter KH2PO 4. Again, fixation of P by soil constituents is likely to have been responsible for this finding.
DISCUSSION
For optimal utilization of the benefits arising from the acidifying effects of legumes with respect to rock phosphate mobilization, conditions for symbiotic N-fixation should be as favorable as possible. One of the main requirements of the symbiotic N-fixation process is an adequate availability of photosynthates which can be ascertained by proper lighting conditions. The experiments described before were conducted in the years 1978, 1979 and 1980 under greenhouse conditions. During the summers of all three years, light conditions in the Netherlands were below normal. It is therefore certain that in none of the experiments the ability of legumes to mobilize rock phosphates has been put to full use.
Nevertheless, the results obtained make it clear that under conditions of low pH-bufl'ering capacity of the growth medium, an acidifying effect of an annual crop like soybean can be substantial and that under such circumstances the availability of rock phosphates can be greatly enhanced. The question remains whether similar results can be obtained when soybean is grown on a medium with a high pH-buffering capacity.
Next to pH-buffering capacity, also the capacity of a soil to fix phosphate will exert an influence on the ability of legumes to mobilize rock phosphates. In the present experiments, use was made of a soil having a moderate pH-buffering capacity, but a high P-fixation capacity. In Experiment 1, soybean grown on this soil failed to mobilize much rock phosphate-P, but in Experiment 3 with the use of Morocco rock phosphate more promising results were obtained (Table 3) .
A number of possible causes of low rock phosphate mobilization can be listed. First, the subnormal level of solar radiation may have been responsible. Second, the lack of immediately available soil phosphate may have prevented a normal development of root nodules. Third, a combination of these two possible causes may have been responsible.
The results obtained with alfalfa indicate that the combination of low solar radiation and low soil phosphate availability formed no obstacle to the creation of conditions under which rock phosphate could be mobilized. Aside from the advantage that alfalfa is a slow starter which does not have a great immediate need of P, its much denser root system supplies the additional advantage that this crop might have been able to utilize the sparsely present native soil P and might have competed with the P-fixing soil constituents for P released by the added rock phosphates. The finding that alfalfa was capable of utilizing Morocco rock phosphate, even under conditions of pH increase resulting from NO3-N nutrition, attests to the effectiveness of its root system. Only when the presence of a pH rise exerted its negative effect on the solubility of an already highly insoluble P-form, like Mali rock phosphate, did alfalfa severely suffer from P-deficiency. It was for this rock phosphate that the benefit of soil acidification initiated by symbiotic N fixation became clearly evident.
The disadvantage of low irradiation was particularly noticeable in Expeniment 3 in which radioactive P was used. In this trial, safety regulations ruled out the possibility of aerating the greenhouse during periods of bright sunshine. The lack of air conditioning made it therefore necessary to make use of a device with which screens along the roof of the greenhouse were automatically drawn as soon as radiation exceeded the level of 300 Wm 2. As a result, the plants were somewhat etiolated.
Nevertheless, the data of this experiment show that, when sand was used as growth medium, the presence of added easily available P in the period of nodule growth promoted the subsequent utilization of P added in rock phosphate form.
It is hoped that the overall results of these experiments will serve to stimulate interest in the use of sparsely soluble apatitic rock phosphates for the growth of legumes. Although for many soils, the beneficial effect of symbiotic N fixation on the mobilization of rock phosphates will not be as evident as shown for sand in the present experiments, the much better light conditions for symbiotic N fixation in the field in comparison with the greenhouse justify the assumption that in practical agriculture many rock phosphates may prove to be useful fertilizers for legumes.
In the future, the possible usefulness of these rock phosphates will be tested further in field experiment. In addition, it will be examined whether the combined effects of symbiotic N-fixation and mycorrhiza activity will form a further stimulus for the mobilization of rock phosphates.
